INTRODUCTION
Several neurohormones modulate the force of contraction of cardiac muscle. Most of the positive inotropic neuromediators exert their effects by increasing Ca2+ mobilization in cardiac myocytes [1, 2] . Stimulation by ax-adrenergic and muscarinic agonists, which both accelerate phosphatidylinositol turnover [3] , does not share this mechanism; rather, these agonists cause an increase in sensitivity of myofilaments to Ca24 in single cells. Such an effect cannot be attributed to the increase in intracellular inositol trisphosphate concentration. Indeed, we and others have reported that inositol trisphosphate was unable to modify properties of contractile proteins [4, 5] . Therefore protein kinase C (PKC) remains a good candidate to account for the rise in myofilament Ca2+ sensitivity induced by ac-adrenergic and muscarinic agonists. The role of this kinase in the modulation of cardiac inotropism is still controversial. We previously demonstrated that PKC activators, namely phorbol 12-myristate 13-acetate and 1,2-dioctanoylglycerol, applied to intact cells were able to enhance myofilament Ca2+ sensitivity [4] . Capogrossi et al. [6] also observed this effect in intact cardiomyocytes, and others reported a phorbol-ester-induced decrease in myofilament Ca2+ sensitivity in permeabilized cardiac muscle [7] .
Among contractile proteins, subunit I and particularly T of cardiac troponin have been reported to be phosphorylated by PKC in vivo [8] . Myosin light-chain 2 (LC2) of smooth muscle is also a good substrate for PKC [9, 10] . In this regard, a,-adrenergic and muscarinic stimulation triggers a contraction which is mediated by the Ca2+-dependent phosphorylation of myosin LC2 by the myosin light-chain kinase (MLCK) [11] [12] [13] [14] . Furthermore, an increase in Ca2+ sensitivity of smooth-muscle myofilaments after stimulation by phenylephrine or carbachol was recently reported [15, 16] . In this tissue also, phorbol esters induced a contraction mediated by calmodulin-dependent MLCK [12, 13, 17] ; this occurs despite the fact that PKC phosphorylation of MLCK in vitro decreases the enzyme's affinity for calmodulin [18] . Moreover, the activation of PKC by phorbol ester leads to the phosphorylation of smooth-muscle LC2 [19, 20] and to a rise in tension in intact arterial muscle after the addition of KCI [21] .
The myosin LC2 of cardiac muscle can also be specifically phosphorylated by MLCK, the activation of which was shown to occur by reversible binding of Ca2+-calmodulin at Ca2+ concentrations similar to those required for activation of myofibrillar ATPase [22, 23] . The phosphorylation of this protein increases tension in cardiac muscle [24, 25] . In intact mammalian fasttwitch skeletal muscle, a correlation was found between the phosphate content of myosin LC2 and the extent of isometric twitch tension potentiation [26] . However, a direct Ca2--calmodulin modulation of MLCK activity after ai-adrenergic and muscarinic stimulation is unlikely in cardiac tissues. Indeed, most studies have demonstrated that the Ca24 transients do not greatly increase under these conditions [27] [28] [29] .
The purpose of this work was to examine the effects of PKC and MLCK on Ca24 sensitivity of cardiac contractile proteins by recording the force developed by the myofilaments of a single skinned cell and by measuring actomyosin ATPase activity in skinned cells in suspension. The effects of the kinases on the Ca24 sensitivity of the myofilaments were compared with the phosphorylation of the contractile proteins using 32P labelling and SDS/PAGE. We found that PKC, which phosphorylates cardiac troponin I and T, did not increase the sensitivity of myofilaments to Ca24, and that MLCK, which phosphorylates cardiac LC2, caused a rise in sensitivity to Ca24 for both tension and ATPase activity at submaximal levels. The sensitivity of the contractile proteins to Ca24 was further increased by adding MLCK together with PKC.
MATERIALS AND METHODS Preparation of rat skinned cardiac cells
Ventricular myocytes were dissociated from hearts of adult rats using a collagenase method previously described by Puceat et al. [4] . To isolated rat myocytes were skinned by incubation, with shaking, at 20°C in a relaxing solution containing Triton X-l00 (0.3 %, v/v) for 6 min. This protocol allowed us to obtain skinned cells in which only myofilaments were preserved, as previously described [4] .
Treatment with protein kinases
To investigate the effects of PKC on the sensitivity of myofilaments to Ca2+, the kinase purified from bovine brain (0.3,ug/ ml; specific activity 12 pmol/min per,ug of protein) was used to treat skinned cells in the presence of 150,g of phosphatidylserine/ml and 50 ,/M-1,2-dioctanoylglycerol. Other 
Measurement of tension
Tension developed by the Ca2+-activated myofilaments was measured as described in detail by Puceat et al. [4] . Briefly, one extremity of a single skinned cell was glued to a thin glass rod attached to a transducer (AME, Horten Bio-Rad. Anti-(troponin T) monoclonal antibody and all other chemicals were from Sigma.
RESULTS
Effects of kinases on the force developed by skinned cardiac cells The direct activation of PKC in a cardiac cell by its permeant activators dioctanoylglycerol and phorbol esters increased the sensitivity to Ca2+ when the force developed by the myofilaments was measured [4] . To investigate further the involvement of PKC in this effect, we applied PKC (in the presence of phosphatidylserine and dioctanoylglycerol) directly to skinned cells for 30 min. Despite different batches of PKC purified from bovine brain being tested, the kinase failed to reproduce the effects of dioctanoylglycerol and phorbol esters observed in intact cells on the Ca2+ sensitivity of contractile proteins, as indicated by the unchanged pCa50 compared with control (Table 1) . However, it is noteworthy that the Hill coefficient, h, was significantly increased.
The application of Ca2+-calmodulin-dependent MLCK to a single skinned cardiac cell led to a slow increase in force at pCa 6, which reached a plateau within 9 min. After this treatment, the force developed at pCa 5.75 was much larger than previously (Fig. 1) . The kinase effect was stable and remained for several hours after washout of the MLCK. However, this effect could be removed by the addition of alkaline phosphatase (results not shown). Fig. 2(a) illustrates a typical recording of tension developed by a single skinned control cell superfused with solutions of decreasing pCa. Pretreatment of skinned cells with MLCK in the presence of Ca2+ and calmodulin increased the Ca2+ sensitivity of the myofilaments (Fig. 2b) . This is also indicated by the shift of the tension/pCa curve to the left (Fig. 2d) and by the increased value of pCa50 compared with control cells (Table 1) . It should be noted that a greater increase in Ca2' sensitivity occurred at the lower concentration of Ca2+ as shown by the decrease in the slope of the tension/pCa curve (Fig. 2d) . Maximal tension was not changed by MLCK treatment (results not shown). We generally used MLCK purified from chicken gizzard, which is known to phosphorylate cardiac LC2 [23] . In some experiments we used pig ventricular cardiac MLCK. When activated by Ca2+-calmodulin, the effects of cardiac MLCK on the tension/pCa curve (n = 3) were very similar to those of gizzard MLCK. Neither MLCK nor calmodulin alone altered the tension/pCa relation, indicating that neither of them remained bound to the myofilaments of a single skinned cell ( Table 1) . The simultaneous application of MLCK and PKC to a skinned cell markedly enhanced Ca2+ sensitivity of the contractile response (Table 1) without altering maximal force. The tension/ pCa relation was shifted by 0.18 and 0.04 pCa unit when compared with the tension/pCa relation recorded in control and in Ca2+-calmodulin-MLCK conditions respectively. The slope of the tension/pCa relation in the presence of MLCK and PKC was the same as in the control ( Fig. 2d; Table 1 ). Similar results were obtained when MLCK had been pretreated with PKC; in this case, about one-tenth of the previous PKC concentration was added to the skinned cells as a contaminant of treated MLCK. The PKC-pretreated MLCK induced a shift to the left by 0.19 and 0.05 pCa unit when compared with control and nonpretreated MLCK conditions respectively (Table 1) . A typical case is depicted in Fig. 2(c) . The incubation ofcontractile proteins with PKC-treated MLCK (in the absence of calmodulin) was ineffective ( Table 1) .
Effects of kinases on actomyosin ATPase activity
The actin-activated myosin ATPase activity measured on isolated skinned cells treated with Ca2+-calmodulin-MLCK was increased at each pCa value without a change in the slope of the ATPase activity/pCa relation compared with control conditions (Fig. 3) . We generally used chicken gizzard MLCK in these experiments. In a few cases, we also tested pig ventricular cardiac MLCK; its effects on the Ca2+-dependent ATPase activity (n = 3) were very similar to those of the smooth-muscle MLCK. Treatment of skinned cells with PKC in the presence of phosphatidylserine and dioctanoylglycerol affected neither the Ca2+ sensitivity of the actomyosin ATPase nor the maximal enzyme activity (0.056 unit/mg of protein and 0.054 unit/mg of protein in control and PKC-treated cells respectively). Similar results were obtained with three different skinned cell preparations.
PKC-pretreated MLCK appeared more potent than native (Fig. 3) . The slopes of the three ATPase/pCa curves were not significantly different. Under these conditions, the amounts of PKC added to the cells together with MLCK were the same as during the force-measurement experiments.
Identification of rat cardiac myosin LC2 Fig. 4 illustrates the Coomassie-Blue-stained electrophoresis profile of rat ventricular myofilaments (lanes a and b) . Myosin light chains 1 and 2 were first identified by their apparent molecular mass [32, 33] . The immunoblot revealed that the antibody raised against cardiac light chains recognized two bands at 27 and 20 kDa, which further confirmed the identity of these proteins (Fig. 4, lane c) . (Fig. 5, lanes b and c) . The band that appeared on the autoradiograph with a high molecular mass is thought to be the autophosphorylated regulatory subunit of the type-II PKA [34] .
In the presence of its activators, PKC essentially phosphorylated two proteins (Fig. 6, lane a) . The lower labelled band appeared with a molecular mass of 29 kDa and had the same location as the protein phosphorylated by PKA and identified as troponin I. This suggests that PKC phosphorylates troponin I. The other labelled protein appeared at a molecular mass around 40 kDa; the anti-(troponin T) monoclonal antibody recognized this protein on the immunoblot (Fig. 6, lane c) , indicating that PKC phosphorylates troponin T. It should be noted that bovine brain PKC did not phosphorylate cardiac LC2. In the presence of PKC, myosin LC2 was also phosphorylated after treatment with MLCK (Fig. 6, lane b) . However, the amount of LC2 labelling was lower after treatment with MLCK in the presence of PKC than in its absence. The extent of LC2 phosphorylation was decreased by 600%. The autoradiograph also revealed two labelled bands at 29 and 40 kDa, troponin I and T, as being phosphorylated by PKC (Fig. 6, lane b) . A high-molecular-mass protein appeared to be strongly labelled; this could be the smooth-muscle MLCK, which is known to be phosphorylated by PKC [18] .
DISCUSSION
The results described above demonstrate, on easily accessible myofilaments from single skinned cardiac cells, that the Ca2+_ calmodulin-MLCK complex induces a large increase in Ca2+ sensitivity of the tension developed by contractile proteins. This increase is markedly enhanced by MLCK treatment of skinned cells in the presence of activated PKC. Likewise, the sensitivity to Ca2+ of the actomyosin ATPase of a skinned cell suspension is increased by MLCK and is further enhanced by MLCK in the presence of PKC. These changes are associated with myosin LC2 phosphorylation alone or together with phosphorylation of troponin I and T when PKC is present. PKC treatment had no effect on ATPase activity. The fact that the pCa50 of ATPase activity was not changed after treatment of skinned cells by PKC is in good agreement with the results of Noland & Kuo [41] ; however, these authors reported a 40% decrease in maximal activity. This discrepancy might result from the different experimental protocols. Noland & Kuo [41] first phosphorylated isolated troponin T or I and then measured the actomyosin ATPase activity in reconstituted myofilaments, whereas we treated the skinned cells directly with the kinase. The tension pCa50 was also unchanged in PKC-treated skinned cells. This finding strengthens the result obtained by measuring ATPase activity.
Application of PKC, together with MLCK in the presence of calmodulin at pCa 6 to single skinned cells markedly enhances Ca2l sensitivity of both the force developed by the skinned cells and the actomyosin ATPase activity, without altering their maximal values. The shifts to the left are larger than with application of the Ca2+-calmodulin-MLCK complex alone. The effects of PKC cannot be attributed to a simple activation of apoenzyme MLCK, since the incubation of contractile proteins with PKC-treated MLCK in the absence of calmodulin was ineffective. We also verified that dioctanoylglycerol and phosphatidylserine were not responsible for these effects. Unfortunately, we could not distinguish whether some of the effects of PKC in the presence of MLCK were related to alterations in MLCK properties. Similar results were obtained with PKC-pretreated MLCK; however, they could be attributed to the low amount of PKC which was added together with MLCK. Our attempts to inhibit PKC by using a pseudosubstrate inhibitor [42] were misleading; indeed, the peptide used at a concentration as low as 7 nm also prevented the shift to the left induced by the Ca2+-calmodulin-MLCK complex alone (results not shown).
Under the above experimental conditions, the phosphorylated proteins of cardiac skinned cells incubated with MLCK and PKC are LC2 and troponin I and T. MLCK is shown to phosphorylate myosin LC2 specifically (Fig. 5, lane a) . Phosphorylation of the troponin subunits can be totally attributed to PKC activity, since the amount of 32P incorporated in this last experimental condition was similar to the amount of phosphate incorporated after PKC treatment alone. Besides, the phosphorylation of LC2 was decreased. A decrease in the affinity of MLCK for calmodulin after its PKC-dependent phosphorylation previously demonstrated in smooth muscle could account for such an effect [18] . Thus the effect of PKC cannot be related to either a direct phosphorylation of LC2or the facilitation of MLCK-induced phosphorylation of this contractile protein. We The above kinase treatments induce increases in myofilament Ca2+ sensitivity estimated by both their ATPase activity and tension development; however, these increases were not identical. This could be related to the different experimental conditions used to measure the two parameters. Tension was estimated under quasi-isometric conditions, whereas ATPase activity was determined on myofilaments from skinned cells allowed to shorten under unloaded conditions. This latter condition is known to facilitate greatly ADP release by myosin ATPase [43], whereas, under isometric conditions, ADP slows cross-bridge turnover as indicated by the kinetics of tension recovery after quick length changes [30] . This might explain why ATPase is activated at higher pCa values than is tension development, and might account for the larger slope of tension/pCa curves. Furthermore, both under control conditions and after MLCK treatment, the addition of activated PKC increases the slope of the tension/pCa curves. This may be related to the fact that cooperativity expressed by the Hill coefficient exists between troponin T and tropomyosin and may be modified after phosphorylation of troponin T [44, 45] . However, these effects were seen only under isometric conditions, but not on ATPase activity/pCa curves; we have as yet no clear interpretation.
These results do not allow a definite conclusion about the origin of the synergistic effects of MLCK and PKC on cardiac myofilaments. Further investigations are required. However, we demonstrate that the complex Ca2+-calmodulin-MLCK increases the Ca2+ sensitivity of the contractile proteins in skinned cardiac myocytes and that this increase is even larger when both MLCK and PKC are added together. Phosphorylation by these two kinases may account for the increase in Ca2+ sensitivity of the myofilaments induced by the neuromediators which stimulate phosphatidylinositol turnover and may be a major pathway to account for their inotropic effects. The PKC-and MLCKinvolved pathway might be specific to the agonists accelerating the phosphatidylinositol turnover, since phosphorylation of LC2 was previously shown not to occur during perfusion of rat heart with adrenaline or isoprenaline, two preferentially /J-adrenoceptor agonists [46, 47] . In fact, an increase in the 32P content of the light chains was reported in papillary muscle stimulation by noradrenaline [48] , whereas in another study the incorporation of 32P was correlated with both negative and positive inotropy [49] . Although not as essential in the control of contraction as in smooth muscle, phosphorylation of cardiac myosin LC2 may play a role in the neurohormonal modulation of inotropy. Owing to the significant increase in Ca2+ sensitivity induced by lightchain phosphorylation, the role of such a mechanism during each cardiac cycle may have to be reconsidered even if MLCK and protein phosphatase activities are reported to be low [50] .
